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Abstract The effective defense against parasite infections re-
quires the ability to mount an appropriate and controlled spe-
cific immune response able to eradicate the invading pathogen
while limiting the collateral damage to self-tissues. Dendritic
cells are key elements for the development of immunity
against parasites; they control the responses required to elim-
inate these pathogens while maintaining host homeostasis.
Ligation of dendritic cell pattern recognition receptors by
pathogen-associated molecular pattern present in the parasites
initiates signaling pathways that lead to the production of sur-
face and secreted proteins that are required, together with the
antigen, to induce an appropriate and timely regulated im-
mune response. There is evidence showing that parasites can
influence and regulate dendritic cell functions in order to pro-
mote a more permissive environment for their survival. In this
review, we will focus on new insights about the ability of
protozoan and helminth parasites or their products to modify
dendritic cell function and discuss how this interaction is cru-
cial in shaping the host response.
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Introduction

The effective defense against infections requires the ability to
mount an appropriate and controlled specific immune re-
sponse able to eradicate the invading pathogen while limiting
the collateral damage to self-tissues. The development of an
effective immune response depends primarily on the type of
pathogen; therefore, the pathogen is the main factor skewing
the adaptive immune response in a particular direction [1].
The key players that transmit this information are professional
antigen-presenting cells (APCs) such as dendritic cells (DCs)
that, through the pattern recognition receptors (PRRs), sense
the pathogen-associatedmolecular pattern (PAMPs) present in
the microbes and produce surface and secreted proteins that
are required, together with the antigen (Ag), to induce an
appropriate and timely regulated adaptive immune response
[2].

The DC-derived factors that determine the outcome of DC-
T cell interactions are the histocompatibility complex II
(MHC-II)-Ag presentation levels, the costimulatory mole-
cules displayed, and the presence of immunomodulatory fac-
tors such as cytokines. While increased Ag presentation levels
and the expression of costimulatory molecules, such as CD80,
CD86, and CD40, on DCs are crucial for the expansion of Ag-
specific Tcells, the expression of coinhibitorymolecules, such
as programmed cell death-1 (PD-1) ligands, PD-L1 and PD-
L2, can act synergistically to inhibit T cell activation, prolif-
eration, and cytokine production [3]. In addition, stimuli that
induce IL-12 promote IFN-γ-producing Th1 cells, stimuli that
induce IL-10 and TGF-β favor regulatory T (Treg) cell differ-
entiation, and stimuli that induce TGF-β and IL-6 promote a
Th17 response in the mouse [4, 5]. In addition, IL-4 and IL-10
are both candidates for a Th2-driving signal from DC; how-
ever, it has been demonstrated that both IL-4- and IL-10-
deficient DC can still drive Th2 responses [6].
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Host resistance to protozoa infections is dependent on the
development of a Th1 response and the production of IL-12
by APCs [7]. Thus, the classical reaction of the host to proto-
zoan parasite infections is the maturation of different DC sub-
sets, and in some instances, the activity of these cells leads to a
response that is effective in controlling the infection.

On the other hand, helminth infections induce a non-
classical DC maturation and Th2 response that does not con-
tribute with parasite elimination. Besides, it has been shown
that both, helminths and protozoan, are capable to interfere
with DC maturation and function, promoting a permissive
environment for their own survival inside the host [8]. Here,
we will focus on the ability of protozoan or helminth parasites
or their products to modify DC function and the consequences
of such modulation on the development of protective or path-
ogenic immune response and therefore on the outcome of the
infection.

Parasite recognition by DC

Different receptors present in DCs are involved in the recog-
nition of parasites. Toll-like (TLR) and C-type lectin (CLR)
receptors are the most studied from all of the ones involved in
the interaction with parasite-derived molecules, which is a
crucial event in the mechanisms that lead to the altered func-
tion in these cells.

Recognition of parasite PAMPs by TLR

Protozoan parasites belong to the protista kingdom and are
unicellular microorganisms that form a complete unit. They
can carry out physiological functions by organelles and adapt
to a special existence within the host. Infections with protozo-
an parasites are a world health problem. According to WHO
reports, they cause around 720,000 deaths annually world-
wide. Among protozoan parasites, those living in the human
blood and tissues can cause fatal diseases such as malaria,
visceral leishmaniasis, toxoplasmic encephalitis, and trypano-
somiasis [9]. In their interactions with the host, the DCs may
both sense the antigens released by the protozoa and internal-
ize the full parasite. As an example, dermal DCs are capable of
taking up the obligate intracellular parasite Leishmania major
[10].

It has been almost two decades since TLRs were character-
ized, and since then, there has been a huge growth in the
knowledge of viral, bacterial, and fungal ligands of TLR.
Simultaneously, an important number of TLR ligands derived
from protozoan parasites have also been identified. Thus,
glycoinositolphospholipids (GIPLs) from Trypanosoma cruzi
a r e r e c o g n i z e d b y T L R 4 [ 1 1 ] , w h i l e t h e
glycosylphosphatidylinositol (GPI) anchors of Trypanosoma
cruzi trypomastigotes and of intraerythrocytic Plasmodium

falciparum are recognized by TLR2 inducing inflammatory
cytokine response in macrophages and DCs [12–14]. DNA
from Trypanosoma cruzi stimulates cytokine production by
APCs in a TLR9-dependent manner and synergizes with the
TLR2-ligand GPI anchor in the induction of cytokines by
macrophages [15]. In addition, a protein-DNA complex from
Plasmodium falciparum activates DC through TLR9 to pro-
duce inflammatory cytokines; the complex formation with
proteins essential for the entry of parasite DNA into DC for
TLR9 recognition [16].

The involvement of TLR in the anti-Leishmania immunity
is evidenced by the fact that MyD88-deficient mice are more
susceptible than are wild-type (wt) mice to the infection with
Leishmania major. LPG, the most abundant surface molecule
of Leishmania sp., signals through TLR2 to control the para-
site growth and instructs the Th1 protective response [17]. In
the same way, the P8 proteoglycolipid complex (P8 PGLC),
expressed by the Leishmania mexicana parasite and
Leishmania pifanoi amastigote, induces TLR4-dependent in-
flammatory cytokine secretion [18]. In addition, the induction
of IL-12 and IFN-α/β in myeloid and plasmacytoid DC by
intact Leishmania major, L. infantum, or their DNA has been
demonstrated to be totally dependent on TLR9 signaling [19,
20]. Interestingly, although it has been reported that
Leishmania major-infected TLR4-deficient mice or mice
treated with a combination of anti-TLR2 and anti-TLR4 anti-
bodies show impaired control of parasite growth and lack of
protective Th1 response along with reduced costimulatory
molecule expression on DC [21, 22], TLR2-deficient mice
infected with Leishmania braziliensis show enhanced DC ac-
tivation and increased IL-12 production, with TLR2 −/− DC
being more competent to prime naive CD4+ T cells in vitro
[23]. These findings suggest that TLR2 and TLR4 signals play
a controversial role in the growth of Leishmania parasites in
mice and that the ultimate effect of TLR2 and TLR4 on
Leishmania infection in a given context (Leishmania species,
host susceptibility, among others) is unknown.

Toxoplasma gondii is a promiscuous parasite that can infect
any nucleated host cell, but it has a preference for cells of the
immune system, among them the DCs [24]. IL-12 production
by DC is often used as a measure of Toxoplasma recognition
by these cells. It had been found that the IL-12 response of
splenic DCs to soluble parasite extract (STAg) exceeded that
of LPS and CpG oligonucleotides [25]. One of the first evi-
dences of the involvement of TLR signaling in IL-12 produc-
tion in response to Toxoplasma was the fact that splenic DCs
fromMyD88-deficient mice show defective IL-12 response to
STAg [26]. In the search of TLR involved in DC activation,
TLR11 was identified to signal after binding a Toxoplasma
profilin (TgPRF) [27]. Later on, it was discovered that the
12 membrane-spanning endoplasmic reticulum-resident pro-
tein (UNC93B1) also interacts with TLR11 and regulates the
activation of DCs [28]. The participation of other TLRs in the
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recognition of Toxoplasma gondii and the subsequent change
in the maturation of DC is not so clear yet. Some reports show
that the absence of either TLR2 or TLR4 in DC does not
modify the production of IL-12 in response to STAg [26],
while other authors have reported the involvement of the
TLR4-dependent MyD88-independent signaling pathway in
Toxoplasma gondii HSP70-stimulated DC maturation [29].
Interestingly, mice deficient for TLR2, TLR4, or TLR11 sur-
vive Toxoplasma gondii infection [26, 27, 30], suggesting that
the recognition of Toxoplasma gondii by the innate immune
system depends on an additional MyD88-TLR-dependent sig-
naling. In this respect, the binding of TgPRF to TLR12 has
recently been reported [31]. This TLR is sufficient for the
recognition of TgPRF by plasmacytoid DC, whereas TLR11
and TLR12 are required both in macrophages and in conven-
tional DCs. In contrast to TLR11-deficient mice, TLR12-
deficient mice succumb rapidly to Toxoplasma gondii infec-
tion [31].

Helminth or worms are multicellular organisms comprising
a large number of parasites belonging to the animal kingdom,
which infect a quarter of the world’s population. Unlike pro-
tozoan parasites, helminths are macropathogens, a condition
that prevents them from being ingested by phagocytic cells.
However, they elicit a strong adaptive immune response
through their derived secretions, namely, the excretory/
secretory fraction (ES), which contain a complex mixture of
proteins, lipids, and metabolic products that are released
throughout their lifecycles and are recognized by PRR on
APCs. A predominant Th2 response during helminth infec-
tions has been widely demonstrated, although the precise
mechanism to initiate this response is not fully elucidated
[8]. Despite this, it is clear that DCs are involved in the rec-
ognition of helminth or their products and the subsequent
promotion of Th2 development.

The involvement of TLRs in the recognition of helminth or
their products by CD has beenwidely reported [32]. TLR4 has
been implicated in the recognition of ES-62 antigen from the
filarial nematode Acantamoeba viteae by DC. However, un-
like protozoan antigens, the signaling through TLR4 induces
low levels of IL-12 and TNF and the development of Th2
response [33]. Besides, lacto-N-fucopentaose III (LNFPIII),
a LewisX (LEX)-containing glycan found in Schistosoma sol-
uble egg antigens (SEAs), is able tomodulate DC activation to
induce Th2 response through TLR4 signaling [34]. However,
in vitro activation of DCs by SEA has been shown to be
TLR4, TLR2, and MyD88 independent [35].

DC TLR2 is also involved in the recognition of helminth
parasites, and their signaling has been linked to Th2 immunity.
Phosphatidylserine (PS) lipids derived from Schistosoma
mansoni eggs and adult worms or Ascaris lumbricoides
worms were identified as TLR2 ligands. However, these mol-
ecules promote DC activation to drive Th2 responses in a
TLR2-independent fashion [36], whereas monoacetylated PS

from schistosomes induces TLR2-dependent DC maturation
that promotes IL-10-secreting Treg cells [37].Moreover, it has
been recently reported that TLR2 signaling can direct PD-L2
expression on DC, which, through the PD-1-PD-L2 interac-
tion, inhibits T cell response during Schistosoma japonicum
infection [38]. Interestingly, the TLR3 sensing of double-
stranded RNA from the egg stage of Schistosoma mansoni
activates DCs to drive a Th1 response, but this signaling is
dispensable to control infection or pathology [39].

Taken together, these data show that although some
helminth-derived molecules are recognized by DC TLR2
and TLR4 and that signaling results in the promotion of a
regulatory response, other non-TLRs are necessary for the
initiation of Th2 responses.

Non-TLR DC receptors involved in the recognition
of parasites

As we have described above, live Toxoplasma gondii
tachyzoites or STAg have an unusual power to induce IL-12
production by DC through the activation of TLR signaling.
Attempts to purify the Toxoplasma gondii molecules respon-
sible for IL-12 induction led to the identification of an 18-kDa
protein, an isoform of Toxoplasma gondii cyclophilin (C-18)
that possesses an IL-12-inducing activity through the CCR5
chemokine receptor, presumably by a Gαi protein-dependent
signaling pathway [40]. Interestingly, Aliberti et al. suggest
that CCR5 binding by C-18 represents an example of molec-
ular mimicry employed by Toxoplasma gondii [40].

It has been described that, after the interaction with TLRs,
protozoan parasites stimulate DCs and promote the develop-
ment of the appropriate protective immunity. Nevertheless, the
binding or recognition of these parasites by non-TLR recep-
tors such as CLRs or scavenger receptors leads to an inhibition
of DC activation. In this way, the interaction of Plasmodium
falciparum erythrocyte membrane protein 1 (PfEMP1) and
the DC scavenger receptor CD36 inhibits DC maturation, in-
ducing both the delayed antimalarial immunity as well as the
immunosuppression associated with acute malaria infection
[41]. Siglec-E, a sialic acid-binding Ig-like lectin, is an inhib-
itory receptor predominantly expressed on APCs as macro-
phages and DCs. The interaction between DC Siglec-E and
sialylated ligands present in pathogenic, but not in non-path-
ogenic, Trypanosoma cruzi parasites leads to a diminished
production of IL-12, which is critical for a protective Th1
response [42].

Interestingly, some interactions between DC CLR and par-
asites allow not only to modulate DC maturation [43] but also
to participate in the phagocytosis of the pathogen. This is the
case of dendritic cell-specific intercellular adhesion molecule-
3-grabbing non-integrin (DC-SIGN), a CLR expressed on DC
that recognizes Leishmania parasites favoring their internali-
zation [44].Moreover, glycans from Toxocara canis orBrugia
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malayi are involved in DC-SIGN recognition byDC aswell as
the induction of Th2 [45, 46]. SEA from Schistosoma
mansoni is a complex mixture of diverse glycoproteins and
glycolipids that can be sensed and internalized by DC through
multiple CLRs such as mannose receptor (MR), macrophage
galactose-type lectin (MGL), and DC-SIGN, with the SEA
internalization being important to regulate DC response to
TLR-induced signals [47]. Interestingly, a LEX-containing
glycan found in SEA is critically involved in DC DC-SIGN
recognition [48] and their Th2-driving capacity [49]. Besides,
omega-1, a glycosylated T2 ribonuclease (RNase) secreted by
Schistosoma mansoni eggs and present in SEA, is capable of
conditioning human monocyte-derived DC in vitro to drive
Th2 polarization [50]. Also, it has been recently reported that
both glycosylation and RNase activity are critical to condition
DC for Th2 polarization because omega-1 is internalized via
its glycans by the MR, and subsequently, it impairs protein
synthesis by degrading both ribosomal and messenger RNA
[51].

The neglected tropical disease fasciolosis is a helminthiasis
due to the trematodes Fasciola hepatica and Fasciola
gigantica that infects around 17 million humans worldwide.
A role for DC MR in the sensing of Fasciola hepatica
tegumental antigens (FhTeg), which instructs DCs to drive
CD4+ T cell anergy, has been recently reported [52]. In a
similar way, glycans from Fasciola hepatica total extract
(TE) inhibit DC maturation inducing Th2 response through
MR signaling [53].

Taken together, these data show the ability of some
helminth-derived glycans to modulate DC activation through
CLR, to lead Th2-dominant responses.

Signaling pathways involved in the modulation
of DC by parasites

The parasites have evolved strategies to interfere with a broad
range of signaling processes in DC. This section focuses on
how protozoan and helminth parasites modulate these signal-
ing pathways to favor their survival and persistence in the
host.

Inhibition of TLR-induced DC maturation

The interference in the TLR-induced DC maturation by
pro tozoan paras i t e s has been wide ly r epor ted .
Plasmodium sp., Leishmania sp., Trypanosoma cruzi,
Toxoplasma gondii, and Giardia lamblia or their products
have demonstrated their ability to inhibit TLR-induced DC
maturation decreasing the production of inflammatory cy-
tokines and/or the expression of MHC-II and costimulatory
molecules or inducing the expression of coinhibitor mole-
cules as PD-L2 [54–59]. For instance, DC from

Plasmodium yoelii-infected mice become refractory to
TLR-induced IL-12 and TNF production while showing
increased ability to produce IL-10 [54]. In addition,
Wykes et al. [55] have associated this block in DC func-
tion, which leads to an impaired Th1 immune response,
with a lethal strain of Plasmodium yoelii. In the same line,
Trypanosoma cruzi trypomastigotes prevent the full LPS-
induced DC maturation, thereby downregulating MHC-II
surface expression and inhibiting their capacity to stimu-
late lymphocyte proliferation, with both IL-10 and TGF-β
involved in this last effect [56]. Recently, these authors
have demonstrated that Trypanosoma cruzi-infected DCs
upregulate Galectin-1, a glycan-binding protein involved
in Th1 inhibition and Th2 response promotion [60], and
they propose that Galectin-1 functions as a negative regu-
lator to limit host-protective immunity [61].

The ability of live helminth parasites as microfilaria
from Brugia malayi [62], as well as helminth-derived
products from trematodes and cestodes to interfere with
TLR-induced DC maturation has been extensively report-
ed [32]. For instance, SEA from Schistosoma mansoni
suppresses the LPS-induced activation of murine DC, in-
cluding MHC-II, costimulatory molecule expression, and
IL-12 production, partially through an IL-10-dependent
mechanism [63]. Furthermore, purified helminth-derived
antigens like the hydatid cyst component antigen B
(AgB) from Echinococcus granulosus are able to down-
regulate CD1a expression and upregulate CD86 expres-
sion during human DC differentiation from monocyte pre-
cursors. In addition, DCs previously exposed to this anti-
gen fail to upregulate CD80 and CD86 expression and to
secrete TNF and IL-12p70 after LPS stimulation [64].

In a similar way, we have reported that ES products
from Fasciola hepatica impair the ability of DC to be
activated by TLR ligands, as well as their capacity to
stimulate an allospecific response [65]. Interestingly, we
took advantage of the ability of Fasciola hepatica TE to
induce tolerogenic properties in CpG-maturated DC and
evaluate the therapeutic potential of these cells to dimin-
ish the inflammatory response in collagen-induced arthri-
tis (CIA). The vaccination of mice with bovine collagen
II-pulsed TE/CpG-conditioned DC diminishes the severity
and incidence of CIA symptoms and the production of
inflammatory cytokines, while it induces the production
of anti-inflammatory cytokines and Treg [66]. In addition,
we identified a Kunitz-type molecule (Fh-KTM), present
in a low molecular weight fraction from Fasciola hepatica
TE, as responsible for suppressing the proinflammatory
cytokine production in LPS-activated DCs [67]. Taken
together, these findings suggest that parasites may modu-
late DCs to favor a suppressive environment, which may
help parasite establishment, minimizing the excessive in-
flammation which may lead to tissue damage.
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Regulation of MAPK- and PI3K-mediated pathways

Mitogen-activated protein kinases (MAPKs) are a group of
serine/threonine-specific protein kinases that constitute one
of the most important intracellular signaling pathways in
DCs that regulate their accessory and effector functions in-
cluding the production of cytokines [68, 69]. Therefore, DC
maturation status depends on the balance of this particular
molecular signaling cascade. The MAPK family is composed
of the extracellular signal-related kinases 1 and 2 (ERK 1/2),
c-jun NH2-terminal kinase (JNK), and p38 MAPK. The acti-
vation of these kinases, by upstream kinases, activates a num-
ber of selected intracellular proteins and transcription factors
such as activating protein 1 (AP-1), NF-κB, and IFN regula-
tory factors (IRFs) through which a diverse signaling cascade
that regulates gene expression is triggered [70].

JNK and p38 activation has been associated to DC activa-
tion, maturation, proinflammatory cytokine secretion, and
Th1 induction [69]. As described above, infection with proto-
zoan parasites or the interaction with protozoa antigens mostly
induce phenotypic maturation of DCs and secretion of proin-
flammatory cytokines. Accordingly, Giardia lamblia binding
immunoglobulin protein (GlBiP) from Giardia lamblia and
Gal-lectin from the protozoan intestinal parasite Entamoeba
histolytica induce upregulation of CD80, CD86, and MHC-II
expressions and proinflammatory cytokine secretion from
mouse DCs through the activation of MAPKs and increased
activity of NF-κB [71, 72]. In the same way, during
Trypanosoma cruzi infection, MIF-induced early DC matura-
tion and IL-12 production mediates resistance to
Trypanosoma cruzi infection by activation of the p38 pathway
[73]. In line with these findings, the absence of MAPK phos-
phatase 5 (MKP5), a negative regulator of JNK and p38
MAPK activities, increases host resistance to the lethal
Plasmodium yoelii 17XL infection by the enhancement of
the protective IFN-γ response [68]. In addition, splenic CDs
from infected MKP5 deficient mice show an enhanced ability
to induce IFN-γ production by CD4+ T cells [68]. In addition,
human monocyte-derived DCs cultured with Plasmodium
falciparum iRBCs show a p38-MAPK-dependent semi-
mature phenotype that responds to CD40 signaling by matur-
ing and secreting increased levels of proinflammatory cyto-
kines [74]. In contrast, Plasmodium falciparum-free merozo-
ites antagonize sCD40L-induced DC maturation by the acti-
vation of the ERK pathway [74].

Unlike p38 and JNK, ERK has been shown to play a role in
preventing proper maturation of DCs [75]. DCs primed by
helminth products often fail to show signs of classical matu-
ration [65, 67, 76, 77]. The absence of DCmaturation is in line
with several studies in which stimulation of p38 MAPK was
not observed in DCs exposed to helminth products such as
SEA or LNFPIII from Schistosoma mansoni or the ES-62
antigen from Filaria [34, 63, 78]. Instead, these helminth-

derived components preferentially induce the activation of
ERK. Signaling through ERK in DCs results in the suppres-
sion of IL-12 and the induction of IL-10. As a result, ERK
activation has been implicated in conditioning DC for Th2
priming [8]. Also, signaling through NF-κB appears to be
important for priming of DC for Th2 polarization, since both
SEA- and LNFPIII-pulsed NF-kB1-deficient DCs are incapa-
ble of inducing a Th2 response [79, 80].

ERK activation in DC primed by helminth products is also
linked with inhibition of TLR ligand-induced maturation [63,
65, 67]. Kane et al. [63] have demonstrated that SEA dramat-
ically reduces LPS-stimulated phosphorylation of p38, JNK,
and ERK, as well as activation of NF-κB. In addition to gen-
erally inhibiting the phosphorylation of p38, SEA also de-
layed the kinetics of LPS-induced phosphorylation of this
molecule. Thus, analyses of signaling pathways induced in
DCs by SEA or by LNFPIII have indicated preferential acti-
vation of ERK1/2 in the absence of the activation of p38 [34,
69]. ERK signaling without p38 involvement was shown to
lead to c-Fos stabilization and the suppression of IL-12 pro-
duction [69]. Similar results were reported for human
monocyte-derived DCs after exposure to LPS in combination
with Th1-promoting bacterial extracts or Th2-promoting hel-
minth-derived phospholipids from Schistosoma mansoni or
Ascaris lumbricoides, all with TLR2’s activating capacity.
The analysis of signaling pathways activated upon exposure
to LPS and the TLR2 activating compounds revealed that the
ratio of activated MAPK p-ERK/p-p38 is lower in DCs stim-
ulated with the bacterial products compared to DCs stimulated
with the helminth products, which correlates with the Th1-
and Th2-polarizing capacity of these compounds [81].

The induction of differential ERK activation in DCs is not
exclusive of helminth parasites or its products. Different re-
ports have linked ERK activation in DCs with impaired mat-
uration after infection with Leishmania amazonensis or
Trypanosoma cruzi [58, 82]. Infection of C3HeB/FeJ mice
with Leishmania major results in a protective Th1 immune
response [83] in contrast to that observed during Leishmania
amazonensis infection which promotes an immature DC phe-
notype that results in a non-healing immune response [58].
In vitro infection of bonemarrow-derivedDCs (BMDCs) with
Leishmania amazonensis amastigote results in rapid increase
in ERK1/2 phosphorylation without changes in p38 and JNK
compared with Leishmania major amastigote infection [58].
Moreover, during the infection of human monocyte-derived
DC with L. mexicana promastigotes, the diminished phos-
phorylation of the MAP kinases JNK and p38 is associated
to diminished DNA fragmentation. Hence, the authors hy-
pothesized that the capacity of Leishmania mexicana
promastigotes to diminish MAP kinase activation is one of
the strategies employed to delay apoptosis induction in the
infected DCs to favor the persistence of the parasite in the
infected cells [84].
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PI3K is a potent suppressor of IL-12 production by TLR-
activated DCs [85]. Signaling pathways involved in the acti-
vation of PI3K have been implicated in parasite-induced neg-
ative regulation of DCmaturation as well as IL-10 production.
It is believed that pathogens use these signals to preferentially
induce Th2-type response or to evade the development of Th1
protective immune response. In this regard, it is important to
note, that among protozoan and helminth parasites, the acti-
vation of PIK3 and as well as ERK1/2 seems to play a main
role in the interference of DC function. Thus, it has been
demonstrated that Giardia lamblia as well as Leishmania
major interferes with TLR-induced maturation through a
PI3K-dependent pathway [57, 85]. Interestingly, ERK½- and
PI3K-dependent pathways can be activated by engagement of
CLRs [43], which links these pathways with Th2 induction by
helminth parasites.

Together, these data indicate that different parasites or their
products inhibit the ability of DCs to undergo proper matura-
tion through activation of the ERK1/2 and PI3K.

Modulation of JAK-STAT mediated signaling

Cytokines mediate communication between cells of the im-
mune system and are of crucial importance to induce an ap-
propriately regulated immune response to invading patho-
gens. Cytokine receptor signaling has to be tightly controlled
to balance antimicrobial and tissue-destructive effects, both of
which are inherently associated with cytokine-mediated
inflammation.

JAK/STAT families are two groups of proteins that consti-
tute diverse signaling pathways involved in cytokine signaling
[86]. JAK proteins sit at the apex of many cytokine receptor
pathways, and their activation results in phosphorylation of
the cytoplasmic domains of the receptor, leading to the recruit-
ment and phosphorylation of STATs. In turn, the STATs in-
duce transcription of a specific subset of genes, resulting in an
appropriate cellular response that can include survival, prolif-
eration, and/or cell differentiation. The STAT family is com-
posed of seven proteins (STAT1-4, STAT5a, STAT5b, and
STAT6), while the JAK family is composed of four proteins
(JAK1, JAK2, JAK3, and TyK2). All of these proteins are
constitutively present in the cytoplasm of DC without previ-
ous stimuli [86].

STAT1 is an important player in type I IFNs and IFN-γ
signaling and therefore in the development and regulation of
Th1-type immune response. The protozoan parasite
Toxoplasma gondii can actively modulate cytokine-induced
JAK/STAT signaling pathways in different cell types to facil-
itate survival within the host, including blocking IFN-γ-
mediated-STAT1-dependent proinflammatory gene expres-
sion in APCs. Toxoplasma gondii active infection induces
sustained STAT1 phosphorylation and nuclear translocation
in BMDCs. However, in combination with IFN-γ,

Toxoplasma gondii simultaneously blocks IFN-γ-induced
STAT1 transcriptional activity avoiding the DC activation by
IFN-γ [87]. In addition, during Leishmania major infection,
STAT1 expression in DCs, but not T cells, is required for Th1-
type immunity, because the absence of STAT1 resulted in
impaired upregulation of MHC-II and costimulatory mole-
cules and consequent reduction in Th1 cell priming [88].
Similarly, L. amazoniensis amastigotes have evolved unique
strategies to actively downregulate early innate signaling
events, including degradation of STAT2; decreased phosphor-
ylation of STAT1, STAT2, and STAT3; and reduction in the
expression of IRF-1 and IRF-8, resulting in impaired DC
function and Th1 activation [89]. In addition, some products
from parasite helminths can also modulate STAT1 signaling.
As previously described, Schistosoma mansoni egg dsRNA
induces DC STAT1 phosphorylation and activates a signaling
pathway resulting in type I IFN- and IFN-stimulated gene
expression via TLR3 engagement [39].

The transcription factor STAT4 participates in the IL-12
signaling pathway and this cytokine functions as the main
physiological inducer of IFN-γ by activated T cells, driving
Th1 differentiation [90]. In addition, IL-12 induces autocrine
activation in DC being STAT4 central to this process. STAT4
is induced in DC in a maturation-dependent manner and in
macrophages in an activation-dependent manner. Moreover,
STAT4 levels directly correlate with IL-12-dependent IFN-γ
production by DC during Ag presentation [91]. When IL-4
and IL-10 are present during DC maturation, they suppress
STAT4 induction, diminishing IFN-γ production. In contrast,
IL-4 has no effect on STAT4 levels in mature DC; it actually
augments IFN-γ production by DC during Ag presentation,
indicating that IL-4 acts on STAT4 in a spatiotemporal
manner.

IL-4 and IL-13, the signature cytokines associated with the
Th2 responses present during helminth parasitic infections
[92], share a common receptor chain involved in signal trans-
duction; thus, IL-4 and IL-13 are activators of STAT6 [93].
STAT6−/− mice display impaired Th2 differentiation and lose
responsiveness to IL-4 and IL-13, but these animals are capa-
ble of maintaining normal responses to other cytokine signals.
However, the importance of STAT6 and Th2 immune re-
sponse are revealed in experimental models of infection with
gastrointestinal parasites as Trichinella spiralis and
Nippostrongylus brasiliensis, where the absence of STAT6
and consequently Th2 response is important for parasite ex-
pulsion [94]. Similar results were observed in filariasis and
murine cysticercosis where STAT6 deficiency impairs the re-
sistance to the infection [95, 96].

STAT6 signaling is constitutively activated in immature
DCs and progressively declines as the cells differentiate into
mature DCs [97]. Because IL-4R/IL-13R-associated STAT6
signaling is involved in DC maturation and IL-12 production
[98, 99], the impaired resistance of STAT6−/− mice to

Semin Immunopathol



Toxoplasma gondii infection is linked to the lack of CD8+ T
cell activation by STAT6−/− APCs [100]. In addition, splenic
DC from Toxoplasma gondii-infected STAT6−/− mice show
lower expressions of CD86 and production of IL-12 p40 than
those from WT mice [100].

Induction of SOCS

JAK/STAT response requires tight regulation to prevent ex-
cessive inflammatory damage in the host, and the suppressor
of cytokine signaling (SOCS) proteins are recognized as one
of the most critical cellular mechanisms for controlling cyto-
kine responses. SOCS are a family of eight intracellular
cytokine-inducible proteins (SOCS1–SOCS7 and cytokine-
inducible Src homology 2 (SH2)-containing protein (CIS))
[101]. SOCS are expressed basally in DCs and are rapidly
induced by a variety of stimuli including cytokines and TLR
ligands. Also, the SOCS proteins are transcriptionally regulat-
ed by the STATs and, by a variety of mechanisms, serve to
inhibit JAK signaling in a classic negative feedback loop. All
SOCS proteins negatively regulate JAK and STAT signaling
through association of SH2 domain with phosphorylated ty-
rosine residues on JAK proteins and/or cytokine receptors. In
addition, SOCS1, SOCS2, and SOCS3 have been shown to
negatively regulate signaling through the degradation of sig-
naling molecules via the E3 ubiquitin ligase activity of the
SOCS box and ubiquitin–proteasome pathway. Only SOCS1
and SOCS3 contain a kinase inhibitory region (KIR) that is
able to directly suppress JAK tyrosine kinase activity by act-
ing as a pseudosubstrate, binding in or near the activation
loop. [101].

SOCS1 and SOCS3 are induced as a consequence of TLR
signaling and are capable of modifying the functional proper-
ties of APCs [102]. Thus, LPG from Leishmania major is able
to induce SOCS1 and SOCS3 through TLR2 signaling [17].
Bartz et al. have reported that in human as well as murine
precursor cells, TLR stimulation inhibits DC differentiation
by induction of SOCS1 [103]. Accordingly, SOCS1-
deficiency in APCs results in hyperactivation and consecutive
hyper-Th1 responses and resistance to intracellular parasites
as Plasmodium berghei ANKA [104]. Interestingly, SOCS1
and CIS are directly induced by viable Toxoplasma gondii
tachyzoites inhibiting IFN-γ-signaling in murine macro-
phages [105]. Therefore, the induction of SOCS1 in host cells
by the parasites might be part of its strategy to avoid the innate
immune system.

SOCS3 is a critical negative regulator of cytokine re-
sponses that are dependent of the gp130 receptor (CD130)
as IL-6 and IL-27. SOCS3 can also regulate, positively or
negatively, IL-12 signaling by inhibiting STAT3 activation
(which inhibits IL-12 signaling) or IL-12 induced-STAT4 ac-
tivation, respectively [36]. SOCS3 expression is stimulated by
cytokines or innate immune receptor agonists present in

different pathogens [36]. During Toxoplasma gondii infection,
SOCS3 expressed by DC indirectly promotes IL-12 produc-
tion by limiting IL-6 induced STAT-3 signals [106].

Semnani et al. [62] have reported that live Brugia malayi
microfilaria interferes with the function of monocyte-derived
human DCs at different levels, from downregulating TLR4,
TLR3, and MyD88 mRNA expression to the induction of
SOCS1 and SOCS3 mRNA transcripts without altering the
expression of costimulatory molecules. Similarly, Fasciola
hepatica products, which inhibit TLR-induced DCmaturation
and function, upregulates the expression of SOCS3 but not
SOCS1 on DCs [107].

In addition to regulating cytokine signaling, SOCS3 ex-
pression by DC plays a critical role in regulating indoleamine
2,3-dioxygenase (IDO) expression [108]. After immunogenic
DC stimulation, SOCS3 has the ability to bind IDO and is
responsible for its ubiquitin-mediated proteasomal degrada-
tion [108]. IDO catalyzes the initial rate-limiting step of tryp-
tophan catabolism leading to the production of immunoregu-
latory catabolites collectively known as kynurenines. We and
others have demonstrated IDO upregulation after infections
with protozoa or helminth parasites [109–113]. IDO expressed
by APCs has a dual role during the infections: on the one
hand, IDO-competent DCs have a role in generating Treg cells
that drive peripheral tolerance [114] and, on the other hand,
IDO production of kynurenines or tryptophan degradation in-
hibits the growth of intracellular parasites as Trypanosoma
cruzi or Toxoplasma gondii [111, 115, 116]. Therefore, al-
though there have been no reports about parasite-induced reg-
ulation of SOCS3 and IDO in DCs, it is possible to speculate
that, depending on the type of parasite infection, upregulation
of SOCS3 could be a parasite strategy for immune evasion or
a host tactic to antagonize IDO-dependent tolerogenesis and
promote an effective T cell response able to eradicate the
infection.

SOCS2 has E3 ubiquitin ligase activity and exclusively has
the ability to target SOCS1 and SOCS3 for degradation. Thus,
SOCS2 regulates the protein levels of SOCS1 and SOCS3,
potentiating the signaling regulated by these proteins [117,
118]. SOCS2 is induced as a consequence of TLR stimulation
in DCs. However, compared to SOCS1 and SOCS3, SOCS2
induction is delayed and Posselt et al. propose a model in
which the delayed expression of SOCS2 provides a mecha-
nism of late-phase counter-regulation and limitation of
inflammation-driving DC activity [119]. A good example of
this is the Toxoplasma gondii induced upregulation of SOCS2
associated to BDC paralysis^ following the peak of IL-12 pro-
duction [59]. The SOCS2 expression, achieved by the
parasite-induced production of lipoxin A4 (LXA4), is depen-
dent on aryl hydrocarbon receptor (AhR) activation [120], an
intracellular receptor activated by ligands involved in the
modulation of the inflammatory response [121]. Lipoxins, as
well as the IDO-induced tryptophan metabolite L-kynurenine,
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induce SOCS2-dependent ubiquitinylation and proteasomal
degradation of TRAF6, hindering the proinflammatory cyto-
kine expression by DCs [122]. Importantly, during T.cruzi
infection in mice, the absence of SOCS2 results in immuno-
pathology in the heart [123], indicating an important function
for this protein in the inflammation control during this
infection.

Other DC signaling pathways involved in the induction
of Th2 response by helminth parasites

The requirements for DC to promote Th1 differentiation have
been well established, but the signals through which DCs
drive Th2 response have not been fully elucidated. Induction
of Th2 development by DC is thought to be induced by weak
TCR signaling, by expression of certain costimulatory mole-
cules, and by the lack of IL-12 as well as by IL-4 and alarmins
[124].

Thus, low antigen presentation or low affinity for the com-
plex peptide/MHC-II favors Th2 responses [124].
Accordingly, it has been reported that omega-1-exposed
DCs exhibit decreased antigen-dependent conjugate forma-
tion with CD4+ T cells, suggesting that omega-1 interferes

with antigen presentation, thereby lowering the strength of
the activation signal delivered [125]. Also, helminth parasites
express cysteine proteases, termed cathepsins, which lead to
immune deviation by suppressing Th1 immunity [126]. In
addition, there is substantial evidence showing that nematode
parasites utilize proteinase inhibitors to protect themselves
from degradation by host proteinases and also to manipulate
the host immune response [127]. Cysteine proteases inhibitor
(CPI, cystatin) is one of the major immune modulators pro-
duced by nematode parasites that modulate cathepsin activi-
ties and antigen presentation. As example, CPI from the mu-
rine nematode parasite Heligmosomoides polygyrus is able to
modulate differentiation and activation of BMDCs and also
interferes with antigen and MHC-II molecule processing and
TLR signaling pathway, resulting in functionally deficient
DCs [128].

The range of candidate molecules that DCs must express to
efficiently induce Th2 responses is increasing. The expression
of Notch ligand family members, delta-4 and jagged-2, has
been associated with the induction of Th1 and Th2 responses,
respectively [81]. However, the facts that the Th2-polarizing
capacity of SEA-primed DCs deficient for Jagged-2 is unaf-
fected, and that delta-4 antagonizes Th2 polarization and is

Fig. 1 Molecular mechanisms through which DCs are activated and
regulated during protozoan parasite infections. Protozoan-derived
molecules condition DC for Th1 polarization through interactions with
PRR, which in signaling-dependent fashion (involving the activation of
MAPKs p-38 and JNK) induce the expression of Th1-promoting
molecules. Protozoan-derived molecules may favor instruction of Th1
responses by DC, by inducing antigen presentation, costimulation, and
expression of the Th1-promoting cytokine IL-12. IL-12 autocrine
activation in DC induces IFN-γ production by these cells during Ag

presentation being STAT4 central to this process. Autocrine and
paracrine (Th1- and NK cell-derived) STAT1-dependent IFN-γ
signaling induces DC activation and the expression of IFN-γ-stimulated
genes like IDO. SOCS are induced by cytokines and TLR ligation and
through different mechanisms control cytokine responses. SOCS3 can
inhibit IL-12 induced-STAT4 activation or indirectly promote IL-12
production by limiting IL-6 induced STAT3 signals. In addition,
SOCS3 can drive proteasomal degradation of IDO
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downregulated by Th2-inducing lipids from Schistosome and
Ascaris worms, suggest that selective inhibition of delta-4
may be a prerequisite for the priming of Th2 development
[81]. Moreover, expression of OX40L has been shown to play
an important role in Th2 polarization in vitro by SEA-primed
DCs, although it does not appear to be a direct Th2-polarizing
signal [129].

An interesting hallmark of DC activation by Th2-type an-
tigens, such as SEA and ES antigens from Fasciola hepatica
among others [63, 65, 77], is that the DCs fail to display the
conventional set of stimulation events, such as cytokine pro-
duction and surface activation marker expression. Despite this
unconventional maturation, helminth products are still able to
condition DCs to induce Th2 and Treg responses [65]. These
last findings could be explained taking into account the com-
plexity added to the knowledge of how the DCs interact with
other cells, in the context of a helminth infection. Therefore,
apart from helminth-derived components, several host-
derived mediators called Balarmins^ have been identified with
the ability of exerting polarizing effects on DCs during hel-
minth infection. Alarmins are naturally occurring endogenous
mediators rapidly released in response to infection and/or tis-
sue injury by several cell types. DCs are able to sense these
Bdanger signals^ through surface and intracellular receptors.
Several alarmins have been described able to modulate DC

function to drive Th2 polarization: thymic stromal
lymphopoietin (TSLP), matrix metalloproteinase 2 (MMP-2),
IL33, and eosinophil-derived neurotoxin (EDN) [130].
Particularly, during infection with intestinal nematode para-
sites, these worms or their products interact with intestinal ep-
ithelial cells promoting the secretion of different alarmins that
include TSLP and IL-33 [6]. TSLP has been described to in-
duce the upregulation of OX40L on DCs and modulate DC
function driving Th2 responses [131]. However, while TSLP
receptor knockout mice cannot develop a protective Th2 re-
sponse to Trichuris muris, they do drive to a Th2-polarized
response during infection with Schistosoma mansoni,
Heligmosomoides polygyrus, or Nippostrongylus brasiliensis,
suggesting a controversial role of TSLP in Th2 development
[132]. IL-33 is another important alarmin implicated in the
modulation of DCs to promote Th2 development. Stimulation
of BMDCs with this cytokine promotes Th2 development. In
addition, IL-33 treatment promotes Th2 cytokine production
and expulsion of Trichuris muris, while mice with a deficiency
in IL-33 receptor are unable to develop Th2-type response
during Schistosoma mansoni infection [133]. Thus, the modu-
lation of DCs to promote Th2 polarization is dependent not
only on a direct effect of helminths or their products on these
cells but also on the interaction with tissue-derived factors that
also have an impact in DC activation.

Fig. 2 Helminth and DC interactions. Helminth products condition DC
for Th2 induction and Treg polarization through interactions with PRR
such as TLRs, CLRs, or scavenger receptors, which in signaling-
dependent fashion (involving MAPK ERK 1/2 phosphorylation, c-Fos
upregulation and expression of SOCS) induce the expression of Th2-
promoting molecules (as OX40L, jagged-2) while suppressing the

expression of Th1-polarizing factors (as delta-4). Helminth products
may also favor induction of Th2 responses by DC, by suppressing
antigen presentation, costimulation, and/or expression of IL-12 through
direct interference with these pathways. In addition, DC modulation for
Th2 polarization includes endogenous host tissue factors called
“alarmins,”which are released in response to infection as TSLP and IL-33
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Overview and clinical implications

Approximately one third of the world’s population has been
infected with parasites at some point in their lives; however,
under natural conditions, severe host mortality directly attrib-
utable to parasitic infections is difficult to establish and has
occasionally been reported [134]. Altogether, host mortality as
observed during viral or bacterial epidemics is rarely caused
by parasitic organisms alone.

It is assumed that during evolution, both host immune sys-
tem and parasites have exerted reciprocal selective pressures
on each other, which have led to rapid reciprocal adaptation to
survival. The immune system is one of the most complex
systems of an organism and shows many signs of coevolution
with parasites. Thus, hosts arrange their immune system to
prevent infections or keep the parasites in check, and often,
a measured control of the infection by the host to avoid tissue
damage is thought to be the cause of chronic infections. The
pathological outcomes of infections arise when the degree of
tissue damage or alteration of host physiology exceeds the
capacity of tolerance mechanisms. Tolerance is considered to
be the ability of the host to reduce or control the effect of an
infection on host fitness. During parasite infections, the host
can undergo two types of tissue damage: direct damage by the
pathogen and immunopathology. Therefore, the host can
achieve two types of tolerance mechanisms: one minimizing
pathogen-induced damage, and the other one minimizing im-
munopathology [135]. As we described above, during almost
all protozoan parasite infections, DCs are conditioned to
mount the appropriate Th1 response able to eradicate the par-
asite (Fig. 1), and therefore, pathogen-induced damage, and
this is obviously a fitness advantage. On the other hand,
chronic infections as those caused by helminth parasites that
have to migrate through the host tissues are frequently associ-
ated with severe, long-lasting pathology, and processes which
minimize such complications could be more beneficial to the
host than to the parasite attack. In this context, the modulation
of maturation and function of DCs to induce Th2 or Treg
responses (Fig. 2) is a crucial event for the generation of re-
sponses that do not cause damage to the parasite or the host.

Although, by definition, parasitosis is an undesirable con-
dition for a host, because the parasite survives either by affect-
ing the health of the host or at the expense of its nutritional
deterioration, unexpectedly, it has been proposed that inten-
tional infection of humans with helminths may become ther-
apeutic in autoimmune diseases [136]. In several murine
models of autoimmunity, the infection with helminth parasites
or the treatment with helminth-derived products becomes pro-
tective [66, 137]. Currently, there are 28 clinical trials of hel-
minth therapy in autoimmune diseases and related conditions,
such as Crohn’s disease, ulcerative colitis, multiple sclerosis,
celiac disease, psoriasis, allergies, asthma, rheumatoid arthritis
diseases, and autism [136]. However, concerns related to

long-term effects, potential side effects, mixed pathogen in-
fections, and purification of parasite immunomodulatory mol-
ecules remain to be addressed in order to achieve the use of
helminths as anti-inflammatory agents for human diseases.

Acknowledgments This work was supported by grants from Consejo
Nacional de Investigaciones Científicas y Técnicas from Argentina
(CONICET), Agencia Nacional de Promoción Científica y Técnica
(PICT-2011-1523 and PICT-2012-947), Ministerio de Ciencia y
Tecnología de la Provincia de Córdoba, and Secretaría de Ciencia y
Técnica—Universidad Nacional de Córdoba (grants to C.M. and L.C.).
C.C.M. and L.C. are members of the Scientific Career of CONICET. L. F.
and D.C. thank CONICET and X.V. thanks Agencia Nacional de
Promoción Cientifica y Técnica for the fellowship granted.

References

1. Reis e Sousa C (2001) Dendritic cells as sensors of infection.
Immunity 14(5):495–498. doi:10.1016/s1074-7613(01)00136-4

2. Diebold S (2008) Determination of T-cell fate by dendritic cells.
Immunol Cell Biol 86(5):389–397. doi:10.1038/icb.2008.26

3. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ (2007) The func-
tion of programmed cell death 1 and its ligands in regulating
autoimmunity and infection. Nat Immunol 8(3):239–245

4. Bettelli E, Carrier Y, GaoW, Korn T, Strom TB, OukkaM,Weiner
HL, Kuchroo VK (2006) Reciprocal developmental pathways for
the generation of pathogenic effector TH17 and regulatory T cells.
Nature 441(7090):235–238

5. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard
DC, Elson CO, Hatton RD, Wahl SM, Schoeb TR, Weaver CT
(2006) Transforming growth factor-beta induces development of
the T(H)17 lineage. Nature 441(7090):231–234

6. MacDonald AS, Maizels RM (2008) Alarming dendritic cells for
Th2 induction. J Exp Med 205(1):13–17. doi:10.1084
/jem.20072665

7. Sibley LD (2011) Invasion and intracellular survival by protozoan
parasites. Immunol Rev 240(1):72–91. doi:10.1111/j.1600-065
X.2010.00990.x

8. Everts B, Smits HH, Hokke CH, Yazdanbakhsh M (2010)
Helminths and dendritic cells: sensing and regulating via pattern
recognition receptors, Th2 and Treg responses. Eur J Immunol
40(6):1525–1537. doi:10.1002/eji.200940109

9. Ghosh D, Stumhofer JS (2013) Do you see what I see: recognition
of protozoan parasites by toll-like receptors. Curr Immunol Rev
9(3):129–140. doi:10.2174/1573395509666131203225929

10. Ng LG, Hsu A, Mandell MA, Roediger B, Hoeller C, Mrass P,
Iparraguirre A, Cavanagh LL, Triccas JA, Beverley SM, Scott P,
Weninger W (2008) Migratory dermal dendritic cells act as rapid
sensors of protozoan parasites. PLoS Pathog 4(11):e1000222.
doi:10.1371/journal.ppat.1000222

11. Oliveira A-C, Peixoto JR, de Arruda LB, Campos MA, Gazzinelli
RT, Golenbock DT, Akira S, Previato JO, Mendonça-Previato L,
Nobrega A (2004) Expression of functional TLR4 confers proin-
f l ammatory respons iveness to Trypanosoma cruz i
glycoinositolphospholipids and higher resistance to infection with
T. cruzi. J Immunol 173(9):5688–5696

12. Campos MAS, Almeida IC, Takeuchi O, Akira S, Valente EP,
Procopio DO, Travassos LR, Smith JA, Golenbock DT,
Gazzinelli RT (2001) Activation of toll-like receptor-2 by
glycosylphosphatidylinositol anchors from a protozoan parasite.
J Immunol 167(1):416–423

Semin Immunopathol

http://dx.doi.org/10.1016/s1074-7613(01)00136-4
http://dx.doi.org/10.1038/icb.2008.26
http://dx.doi.org/10.1084/jem.20072665
http://dx.doi.org/10.1084/jem.20072665
http://dx.doi.org/10.1111/j.1600-065X.2010.00990.x
http://dx.doi.org/10.1111/j.1600-065X.2010.00990.x
http://dx.doi.org/10.1002/eji.200940109
http://dx.doi.org/10.2174/1573395509666131203225929
http://dx.doi.org/10.1371/journal.ppat.1000222


13. Naik RS, Branch OH, Woods AS, Vijaykumar M, Perkins DJ,
Nahlen BL, Lal AA, Cotter RJ, Costello CE, Ockenhouse CF,
Davidson EA, Gowda DC (2000) Glycosylphosphatidylinositol
anchors of plasmodium falciparum: molecular characterization
and naturally elicited antibody response that may provide immu-
nity to malaria pathogenesis. J Exp Med 192(11):1563–1576

14. Kumar S, Gowda NM, Wu X, Gowda RN, Gowda DC (2012)
CD36 modulates proinflammatory cytokine responses to plasmo-
dium falciparum glycosylphosphatidylinositols and merozoites by
dendritic cells. Parasite Immunol 34(7):372–382. doi:10.1111
/j.1365-3024.2012.01367.x

15. Bafica A, Santiago HC, Goldszmid R, Ropert C, Gazzinelli RT,
Sher A (2006) Cutting edge: TLR9 and TLR2 signaling together
account for MyD88-dependent control of Parasitemia in
Trypanosoma cruzi infection. J Immunol 177(6):3515–3519

16. Wu X, Gowda NM, Kumar S, Gowda DC (2010) Protein-DNA
complex is the exclusive malaria parasite component that activates
dendritic cells and triggers innate immune responses. J Immunol
184(8):4338–4348. doi:10.4049/jimmunol.0903824

17. de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A,
McConville MJ, Handman E, Schofield L (2003) MyD88 is es-
sential for clearance of Leishmania major: possible role for
lipophosphoglycan and Toll-like receptor 2 signaling. Eur J
Immunol 33(10):2822–2831. doi:10.1002/eji.200324128

18. Whitaker SM, Colmenares M, Pestana KG, McMahon-Pratt D
(2008) Leishmania pifanoi proteoglycolipid complex P8 induces
macrophage cytokine production through Toll-like receptor 4.
Infect Immun 76(5):2149–2156. doi:10.1128/iai.01528-07

19. Schleicher U, Liese J, Knippertz I, Kurzmann C, Hesse A, Heit A,
Fischer JA, Weiss S, Kalinke U, Kunz S, Bogdan C (2007) NK
cell activation in visceral leishmaniasis requires TLR9, myeloid
DCs, and IL-12, but is independent of plasmacytoid DCs. J Exp
Med 204(4):893–906. doi:10.1084/jem.20061293

20. Liese J, Schleicher U, Bogdan C (2007) TLR9 signaling is essen-
tial for the innate NK cell response in murine cutaneous leishman-
iasis. Eur J Immunol 37(12):3424–3434. doi:10.1002
/eji.200737182

21. Kropf P, Freudenberg MA, Modolell M, Price HP, Herath S,
Antoniazi S, Galanos C, Smith DF, Muller I (2004) Toll-like re-
ceptor 4 contributes to efficient control of infection with the pro-
tozoan parasite Leishmania major. Infect Immun 72(4):1920–
1928

22. Komai-Koma M, Li D, Wang E, Vaughan D, Xu D (2014) Anti-
Toll-like receptor 2 and 4 antibodies suppress inflammatory re-
sponse in mice. Immunology 143(3):354–362. doi:10.1111
/imm.12312

23. Vargas-Inchaustegui DA, Tai W, Xin L, Hogg AE, Corry DB,
Soong L (2009) Distinct roles for MyD88 and Toll-like receptor
2 during Leishmania braziliensis infection in mice. Infect Immun
77(7):2948–2956. doi:10.1128/iai.00154-09

24. Sanecka A, Frickel EM (2012) Use and abuse of dendritic cells by
Toxoplasma gondii. Virulence 3(7):678–689. doi:10.4161
/viru.22833

25. Aliberti J, Jankovic D, Sher A (2004) Turning it on and off: reg-
ulation of dendritic cell function in Toxoplasma gondii infection.
Immunol Rev 201:26–34. doi:10.1111/j.0105-2896.2004.00179.x

26. Scanga CA, Aliberti J, Jankovic D, Tilloy F, Bennouna S, Denkers
EY,Medzhitov R, Sher A (2002) Cutting edge:MyD88 is required
for resistance to Toxoplasma gondii infection and regulates
parasite-induced IL-12 production by dendritic cells. J Immunol
168(12):5997–6001

27. Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan
CN, Hayden MS, Hieny S, Sutterwala FS, Flavell RA, Ghosh S,
Sher A (2005) TLR11 activation of dendritic cells by a protozoan
profilin-like protein. Science 308(5728):1626–1629. doi:10.1126
/science.1109893

28. Pifer R, Benson A, Sturge CR, Yarovinsky F (2011) UNC93B1 is
essential for TLR11 activation and IL-12-dependent host resis-
tance to Toxoplasma gondii. J Biol Chem 286(5):3307–3314.
doi:10.1074/jbc.M110.171025

29. Aosai F, Rodriguez Pena MS, Mun HS, Fang H, Mitsunaga T,
Norose K, Kang HK, Bae YS, Yano A (2006) Toxoplasma
gondii-derived heat shock protein 70 stimulates maturation of mu-
rine bone marrow-derived dendritic cells via Toll-like receptor 4.
Cell Stress Chaperones 11(1):13–22

30. Debierre-Grockiego F, CamposMA,AzzouzN, Schmidt J, Bieker
U, Resende MG, Mansur DS, Weingart R, Schmidt RR,
Golenbock DT, Gazzinelli RT, Schwarz RT (2007) Activation of
TLR2 and TLR4 by glycosylphosphatidylinositols derived from
Toxoplasma gondii. J Immunol 179(2):1129–1137

31. Koblansky AA, Jankovic D, Oh H, Hieny S, Sungnak W, Mathur
R, Hayden MS, Akira S, Sher A, Ghosh S (2013) Recognition of
profilin by Toll-like receptor 12 is critical for host resistance to
Toxoplasma gondii. Immunity 38(1):119–130. doi:10.1016/j.
immuni.2012.09.016

32. Terrazas CA, Terrazas LI, Gomez-Garcia L (2010) Modulation of
dendritic cell responses by parasites: a common strategy to sur-
vive. Journal of biomedicine & biotechnology 2010:357106.
doi:10.1155/2010/357106

33. Goodridge HS, Marshall FA, Else KJ, Houston KM, Egan C, Al-
Riyami L, Liew FY, Harnett W, Harnett MM (2005)
Immunomodulation via novel use of TLR4 by the filarial nema-
tode phosphorylcholine-containing secreted product, ES-62. J
Immunol 174(1):284–293

34. Thomas PG, Carter MR, Atochina O, Da’Dara AA, Piskorska D,
McGuire E, Harn DA (2003) Maturation of dendritic cell 2 phe-
notype by a helminth glycan uses a Toll-like receptor 4-dependent
mechanism. J Immunol 171(11):5837–5841

35. Kane CM, Jung E, Pearce EJ (2008) Schistosoma mansoni egg
antigen-mediated modulation of Toll-like receptor (TLR)-induced
activation occurs independently of TLR2, TLR4, and MyD88.
Infect Immun 76(12):5754–5759. doi:10.1128/iai.00497-08

36. Rottenberg ME, Carow B (2014) SOCS3, a major regulator of
infection and inflammation. Front Immunol 5. doi:10.3389
/fimmu.2014.00058

37. van der Kleij D, Latz E, Brouwers JFHM, Kruize YCM, Schmitz
M, Kurt-Jones EA, Espevik T, de Jong EC, Kapsenberg ML,
Golenbock DT, Tielens AGM, Yazdanbakhsh M (2002) A novel
hos t -pa ras i t e l ip id c ross - t a l k : sch i s tosomal lyso -
phosphatidylserine activates Toll-like receptor 2 and affects im-
mune polarization. J Biol Chem 277(50):48122–48129.
doi:10.1074/jbc.M206941200

38. Gao Y, Chen L, Hou M, Chen Y, Ji M, Wu H, Wu G (2013) TLR2
directing PD-L2 expression inhibit T cells response in
Schistosoma japonicum infection. PLoS One 8(12):e82480.
doi:10.1371/journal.pone.0082480

39. Aksoy E, Zouain CS, Vanhoutte F, Fontaine J, Pavelka N,
Thieblemont N, Willems F, Ricciardi-Castagnoli P, Goldman M,
Capron M, Ryffel B, Trottein F (2005) Double-stranded RNAs
from the helminth parasite Schistosoma activate TLR3 in dendrit-
ic cells. J Biol Chem 280(1):277–283. doi:10.1074/jbc.
M411223200

40. Aliberti J, Valenzuela JG, Carruthers VB, Hieny S, Andersen J,
Charest H, Reis e Sousa C, Fairlamb A, Ribeiro JM, Sher A
(2003) Molecular mimicry of a CCR5 binding-domain in the mi-
crobial activation of dendritic cells. Nat Immunol 4(5):485–490.
doi:10.1038/ni915

41. Urban BC, Ferguson DJ, Pain A,Willcox N, PlebanskiM, Austyn
JM, Roberts DJ (1999) Plasmodium falciparum-infected erythro-
cytes modulate the maturation of dendritic cells. Nature
400(6739):73–77. doi:10.1038/21900

Semin Immunopathol

http://dx.doi.org/10.1111/j.1365-3024.2012.01367.x
http://dx.doi.org/10.1111/j.1365-3024.2012.01367.x
http://dx.doi.org/10.4049/jimmunol.0903824
http://dx.doi.org/10.1002/eji.200324128
http://dx.doi.org/10.1128/iai.01528-07
http://dx.doi.org/10.1084/jem.20061293
http://dx.doi.org/10.1002/eji.200737182
http://dx.doi.org/10.1002/eji.200737182
http://dx.doi.org/10.1111/imm.12312
http://dx.doi.org/10.1111/imm.12312
http://dx.doi.org/10.1128/iai.00154-09
http://dx.doi.org/10.4161/viru.22833
http://dx.doi.org/10.4161/viru.22833
http://dx.doi.org/10.1111/j.0105-2896.2004.00179.x
http://dx.doi.org/10.1126/science.1109893
http://dx.doi.org/10.1126/science.1109893
http://dx.doi.org/10.1074/jbc.M110.171025
http://dx.doi.org/10.1016/j.immuni.2012.09.016
http://dx.doi.org/10.1016/j.immuni.2012.09.016
http://dx.doi.org/10.1155/2010/357106
http://dx.doi.org/10.1128/iai.00497-08
http://dx.doi.org/10.3389/fimmu.2014.00058
http://dx.doi.org/10.3389/fimmu.2014.00058
http://dx.doi.org/10.1074/jbc.M206941200
http://dx.doi.org/10.1371/journal.pone.0082480
http://dx.doi.org/10.1074/jbc.M411223200
http://dx.doi.org/10.1074/jbc.M411223200
http://dx.doi.org/10.1038/ni915
http://dx.doi.org/10.1038/21900


42. Erdmann H, Steeg C, Koch-Nolte F, Fleischer B, Jacobs T (2009)
Sialylated ligands on pathogenic Trypanosoma cruzi interact with
Siglec-E (sialic acid-binding Ig-like lectin-E). Cell Microbiol
11(11):1600–1611. doi:10.1111/j.1462-5822.2009.01350.x

43. Caparros E, Munoz P, Sierra-Filardi E, Serrano-Gomez D, Puig-
Kroger A, Rodriguez-Fernandez JL, Mellado M, Sancho J,
Zubiaur M, Corbi AL (2006) DC-SIGN ligation on dendritic cells
results in ERK and PI3K activation and modulates cytokine pro-
duction. Blood 107(10):3950–3958. doi:10.1182/blood-2005-03-
1252

44. Revest M, Donaghy L, Cabillic F, Guiguen C, Gangneux J-P
(2008) Comparison of the immunomodulatory effects of
L. donovani and L. major excreted–secreted antigens, particulate
and soluble extracts and viable parasites on human dendritic cells.
Vaccine 26(48):6119–6123. doi:10.1016/j.vaccine.2008.09.005

45. Tawill S, Le Goff L, Ali F, Blaxter M, Allen JE (2004) Both free-
living and parasitic nematodes induce a characteristic Th2 re-
sponse that is dependent on the presence of intact glycans. Infect
Immun 72(1):398–407

46. Schabussova I, Amer H, van Die I, Kosma P, Maizels RM (2007)
O-methylated glycans from Toxocara are specific targets for anti-
body binding in human and animal infections. Int J Parasitol
37(1):97–109. doi:10.1016/j.ijpara.2006.09.006

47. van Liempt E, van Vliet SJ, Engering A, Garcia Vallejo JJ, Bank
CM, Sanchez-Hernandez M, van Kooyk Y, van Die I (2007)
Schistosoma mansoni soluble egg antigens are internalized by
human dendritic cells through multiple C-type lectins and sup-
press TLR-induced dendritic cell activation. Mol Immunol
44(10):2605–2615. doi:10.1016/j.molimm.2006.12.012

48. van Die I, van Vliet SJ, Nyame AK, Cummings RD, Bank CM,
Appelmelk B, Geijtenbeek TB, van Kooyk Y (2003) The dendritic
cell-specific C-type lectin DC-SIGN is a receptor for Schistosoma
mansoni egg antigens and recognizes the glycan antigen Lewis x.
Glycobiology 13(6):471–478. doi:10.1093/glycob/cwg052

49. Okano M, Satoskar AR, Nishizaki K, Abe M, Harn DA Jr (1999)
Induction of Th2 responses and IgE is largely due to carbohydrates
functioning as adjuvants on Schistosoma mansoni egg antigens. J
Immunol 163(12):6712–6717

50. Everts B, Perona-Wright G, Smits HH, Hokke CH, van der Ham
AJ, Fitzsimmons CM, Doenhoff MJ, van der Bosch J, Mohrs K,
Haas H, Mohrs M, YazdanbakhshM, SchrammG (2009) Omega-
1, a glycoprotein secreted by Schistosoma mansoni eggs, drives
Th2 responses. J Exp Med 206(8):1673–1680. doi:10.1084
/jem.20082460

51. Everts B, Hussaarts L, Driessen NN,MeevissenMH, SchrammG,
van der Ham AJ, van der Hoeven B, Scholzen T, Burgdorf S,
Mohrs M, Pearce EJ, Hokke CH, Haas H, Smits HH,
Yazdanbakhsh M (2012) Schistosome-derived omega-1 drives
Th2 polarization by suppressing protein synthesis following inter-
nalization by the mannose receptor. J Exp Med 209(10):1753–
1767 . doi:10.1084/jem.20111381S1751

52. Aldridge A, O’Neill SM (2016) Fasciola hepatica tegumental
antigens induce anergic like T cells via dendritic cells in a man-
nose receptor dependent manner. Eur J Immunol. doi:10.1002
/eji.201545905

53. Rodriguez E, Noya V, Cervi L, Chiribao ML, Brossard N, Chiale
C, Carmona C, Giacomini C, Freire T (2015) Glycans from
Fasciola hepatica modulate the host immune response and TLR-
induced maturation of dendritic cells. PLoS Negl Trop Dis 9(12):
e0004234. doi:10.1371/journal.pntd.0004234

54. Perry JA, Olver CS, Burnett RC, Avery AC (2005) Cutting edge:
the acquisition of TLR tolerance during malaria infection impacts
T cell activation. J Immunol 174(10):5921–5925

55. WykesMN, LiuXQ, Beattie L, Stanisic DI, StaceyKJ, SmythMJ,
Thomas R, Good MF (2007) Plasmodium strain determines

dendritic cell function essential for survival from malaria. PLoS
Pathog 3(7):e96. doi:10.1371/journal.ppat.0030096

56. Poncini CV, Alba Soto CD, Batalla E, Solana ME, Gonzalez
Cappa SM (2008) Trypanosoma cruzi induces regulatory dendritic
cells in vitro. Infect Immun 76(6):2633–2641. doi:10.1128
/iai.01298-07

57. Kamda JD, Singer SM (2009) Phosphoinositide 3-kinase-
dependent inhibition of dendritic cell interleukin-12 production
by Giardia lamblia. Infect Immun 77(2):685–693. doi:10.1128
/iai.00718-08

58. Boggiatto P, Jie F, Ghosh M, Gibson-Corley K, Ramer-Tait A,
Jones D, Petersen C (2009) Altered dendritic cell phenotype in
response to Leishmania amazonensis amastigote infection is me-
diated by MAP kinase, ERK. Am J Pathol 174(5):1818–1826.
doi:10.2353/ajpath.2009.080905

59. Reis e Sousa C, Yap G, Schulz O, Rogers N, Schito M, Aliberti J,
Hieny S, Sher A (1999) Paralysis of dendritic cell IL-12 produc-
tion by microbial products prevents infection-induced immunopa-
thology. Immunity 11(5):637–647

60. Motran CC, Molinder KM, Liu SD, Poirier F, Miceli MC (2008)
Galectin-1 functions as a Th2 cytokine that selectively induces
Th1 apoptosis and promotes Th2 function. Eur J Immunol
38(11):3015–3027

61. Poncini CV, Ilarregui JM, Batalla EI, Engels S, Cerliani JP, Cucher
MA, van Kooyk Y, Gonzalez-Cappa SM, Rabinovich GA (2015)
Trypanosoma cruzi infection imparts a regulatory program in den-
dritic cells and T cells via galectin-1-dependent mechanisms. J
Immunol 195(7):3311–3324. doi:10.4049/jimmunol.1403019

62. Semnani RT, Venugopal PG, Leifer CA, Mostbock S, Sabzevari
H, Nutman TB (2008) Inhibition of TLR3 and TLR4 function and
expression in human dendritic cells by helminth parasites. Blood
112(4):1290–1298. doi:10.1182/blood-2008-04-149856

63. Kane CM, Cervi L, Sun J, McKee AS, Masek KS, Shapira S,
Hunter CA, Pearce EJ (2004) Helminth antigens modulate TLR-
initiated dendritic cell activation. J Immunol 173(12):7454–7461

64. Rigano R, Buttari B, Profumo E, Ortona E, Delunardo F, Margutti
P, Mattei V, Teggi A, Sorice M, Siracusano A (2007)
Echinococcus granulosus antigen B impairs human dendritic cell
differentiation and polarizes immature dendritic cell maturation
towards a Th2 cell response. Infect Immun 75(4):1667–1678.
doi:10.1128/iai.01156-06

65. Falcon C, Carranza F, Martinez FF, Knubel CP,Masih DT,Motran
CC, Cervi L (2010) Excretory-secretory products (ESP) from
Fasciola hepatica induce tolerogenic properties in myeloid den-
dritic cells. Vet Immunol Immunopathol 137(1–2):36–46.
doi:10.1016/j.vetimm.2010.04.007

66. Carranza F, Falcón C, Nuñez N, Knubel C, Correa S, Bianco I,
Maccioni M, Fretes R, Triquell M, Motrán C, Cervi L (2012)
Helminth antigens enable CpG-activated dendritic cells to inhibit
the symptoms of collagen-induced arthritis through Foxp3+ regu-
latory T cells. PLoS One 7(7). doi:10.1371/journal.pone.0040356

67. Falcon CR, Masih D, Gatti G, Sanchez MC, Motran CC, Cervi L
(2014) Fasciola hepaticaKunitz type molecule decreases dendrit-
ic cell activation and their ability to induce inflammatory re-
sponses. PLoS One 9(12):e114505. doi:10.1371/journal.
pone.0114505

68. Cheng Q, Zhang Q, Xu X, Yin L, Sun L, Lin X, Dong C, Pan W
(2014) MAPK Phosphotase 5 deficiency contributes to protection
against blood-stage Plasmodium yoelii 17XL infection in mice. J
Immunol 192(8):3686–3696. doi:10.4049/jimmunol.1301863

69. Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, Van
Dyke T, Pulendran B (2003) Cutting edge: different toll-like re-
ceptor agonists instruct dendritic cells to induce distinct Th re-
sponses via differential modulation of extracellular signal-
regulated kinase-mitogen-activated protein kinase and c-Fos. J

Semin Immunopathol

http://dx.doi.org/10.1111/j.1462-5822.2009.01350.x
http://dx.doi.org/10.1182/blood-2005-03-1252
http://dx.doi.org/10.1182/blood-2005-03-1252
http://dx.doi.org/10.1016/j.vaccine.2008.09.005
http://dx.doi.org/10.1016/j.ijpara.2006.09.006
http://dx.doi.org/10.1016/j.molimm.2006.12.012
http://dx.doi.org/10.1093/glycob/cwg052
http://dx.doi.org/10.1084/jem.20082460
http://dx.doi.org/10.1084/jem.20082460
http://dx.doi.org/10.1084/jem.20111381
http://dx.doi.org/10.1002/eji.201545905
http://dx.doi.org/10.1002/eji.201545905
http://dx.doi.org/10.1371/journal.pntd.0004234
http://dx.doi.org/10.1371/journal.ppat.0030096
http://dx.doi.org/10.1128/iai.01298-07
http://dx.doi.org/10.1128/iai.01298-07
http://dx.doi.org/10.1128/iai.00718-08
http://dx.doi.org/10.1128/iai.00718-08
http://dx.doi.org/10.2353/ajpath.2009.080905
http://dx.doi.org/10.4049/jimmunol.1403019
http://dx.doi.org/10.1182/blood-2008-04-149856
http://dx.doi.org/10.1128/iai.01156-06
http://dx.doi.org/10.1016/j.vetimm.2010.04.007
http://dx.doi.org/10.1371/journal.pone.0040356
http://dx.doi.org/10.1371/journal.pone.0114505
http://dx.doi.org/10.1371/journal.pone.0114505
http://dx.doi.org/10.4049/jimmunol.1301863


I m m u n o l 1 7 1 ( 1 0 ) : 4 9 8 4 – 4 9 8 9 . d o i : 1 0 . 4 0 4 9
/jimmunol.171.10.4984

70. Dong C, Davis RJ, Flavell RA (2002) Map kinases in the immune
response. Annu Rev Immunol 20(1):55–72. doi:10.1146/annurev.
immunol.20.091301.131133

71. Lee HY, Kim J, Noh HJ, Kim HP, Park SJ (2014)Giardia lamblia
binding immunoglobulin protein triggers maturation of dendritic
cells via activation of TLR4-MyD88-p38 and ERK1/2 MAPKs.
Parasite Immunol 36(12):627–646. doi:10.1111/pim.12119

72. Ivory CP, Chadee K (2007) Activation of dendritic cells by the gal-
lectin of Entamoeba histolytica drives Th1 responses in vitro and
in vivo. Eur J Immunol 37(2):385–394. doi:10.1002
/eji.200636476

73. Terrazas CA, Huitron E, Vazquez A, Juarez I, Camacho GM,
Calleja EA, Rodriguez-Sosa M (2011) MIF synergizes with
Trypanosoma cruzi antigens to promote efficient dendritic cell
maturation and IL-12 production via p38 MAPK. Int J Biol Sci
7(9):1298–1310

74. Mukherjee P, Chauhan VS (2008) Plasmodium falciparum-free
merozoites and infected RBCs distinctly affect soluble CD40
ligand-mediated maturation of immature monocyte-derived den-
dritic cells. J Leukoc Biol 84(1):244–254. doi:10.1189
/jlb.0807565

75. Nakahara T, Moroi Y, Uchi H, FurueM (2006) Differential role of
MAPK signaling in human dendritic cell maturation and Th1/Th2
engagement. J Dermatol Sci

76. Cervi L, MacDonald AS, Kane C, Dzierszinski F, Pearce EJ
(2004) Cutting edge: dendritic cells copulsed with microbial and
helminth antigens undergo modified maturation, segregate the an-
tigens to distinct intracellular compartments, and concurrently in-
duce microbe-specific Th1 and helminth-specific Th2 responses. J
Immunol 172(4):2016–2020

77. Carvalho L, Sun J, Kane C, Marshall F, Krawczyk C, Pearce EJ
(2009) Review series on helminths, immune modulation and the
hygiene hypothesis: mechanisms underlying helminth modulation
of dendritic cell function. Immunology 126(1):28–34. doi:10.1111
/j.1365-2567.2008.03008.x

78. Goodridge HS, Harnett W, Liew FY, Harnett MM (2003)
Differential regulation of interleukin-12 p40 and p35 induction
via Erk mitogen-activated protein kinase-dependent and -
independent mechanisms and the implications for bioactive IL-
12 and IL-23 responses. Immunology 109(3):415–425.
doi:10.1046/j.1365-2567.2003.01689.x

79. Thomas PG, Carter MR, Da’dara AA, DeSimone TM, Harn DA
(2005) A helminth glycan induces APC maturation via alternative
NF-kappa B activation independent of I kappa B alpha degrada-
tion. J Immunol 175(4):2082–2090

80. Artis D, Kane CM, Fiore J, Zaph C, Shapira S, Joyce K,
Macdonald A, Hunter C, Scott P, Pearce EJ (2005) Dendritic
cell-intrinsic expression of NF-kappa B1 is required to promote
optimal Th2 cell differentiation. J Immunol 174(11):7154–7159

81. van Riet E, Everts B, Retra K, Phylipsen M, van Hellemond JJ,
Tielens AG, van der Kleij D, Hartgers FC, Yazdanbakhsh M
(2009) Combined TLR2 and TLR4 ligation in the context of bac-
terial or helminth extracts in human monocyte derived dendritic
cells: molecular correlates for Th1/Th2 polarization. BMC
Immunol 10:9. doi:10.1186/1471-2172-10-9

82. Poncini CV, Gimenez G, Pontillo CA, Alba-Soto CD, de Isola EL,
Piazzon I, Cappa SM (2010) Central role of extracellular signal-
regulated kinase and Toll-like receptor 4 in IL-10 production in
regulatory dendritic cells induced by Trypanosoma cruzi. Mol
Immuno l 4 7 ( 11– 1 2 ) : 1 9 8 1 –1988 . d o i : 1 0 . 1 0 16 / j .
molimm.2010.04.016

83. Reiner SL, Locksley RM (1995) The regulation of immunity to
Leishmania major. Annu Rev Immunol. doi:10.1146/annurev.
iy.13.040195.001055

84. Rodriguez-Gonzalez J, Wilkins-Rodriguez A, Argueta-Donohue
J, Aguirre-Garcia M, Gutierrez-Kobeh L (2016) Leishmania
mexicana promastigotes down regulate JNK and p-38 MAPK ac-
tivation: role in the inhibition of camptothecin-induced apoptosis
of monocyte-derived dendritic cells. Exp Parasitol 163:57–67.
doi:10.1016/j.exppara.2015.12.005

85. Fukao T, Tanabe M, Terauchi Y, Ota T, Matsuda S, Asano T,
Kadowaki T, Takeuchi T, Koyasu S (2002) PI3K-mediated nega-
tive feedback regulation of IL-12 production in DCs. Nat
Immunol 3(9):875–881. doi:10.1038/ni825

86. Kiu H, Nicholson SE (2012) Biology and significance of the JAK/
STAT signalling pathways. Growth factors (Chur, Switzerland)
30(2):88–106. doi:10.3109/08977194.2012.660936

87. Schneider AG, Abi Abdallah DS, Butcher BA, Denkers EY
(2013) Toxoplasma gondii triggers phosphorylation and nuclear
translocation of dendritic cell STAT1 while simultaneously
blocking IFNgamma-induced STAT1 transcriptional activity.
PLoS One 8(3):e60215. doi:10.1371/journal.pone.0060215

88. Johnson LM, Scott P (2007) STAT1 expression in dendritic cells,
but not T cells, is required for immunity to Leishmania major. J
Immunol 178(11):7259–7266

89. Xin L, Li K, Soong L (2008) Down-regulation of dendritic cell
signaling pathways by Leishmania amazonensis amastigotes. Mol
Immunol 45(12):3371–3382. doi:10.1016/j.molimm.2008.04.018

90. Kaplan MH, Sun Y-L, Hoey T, GrusbyMJ (1996) Impaired IL-12
responses and enhanced development of Th2 cells in Stat4-
deficient mice. Nature 382(6587):174–177

91. Fukao T, Frucht DM, Yap G, Gadina M, O’Shea JJ, Koyasu S
(2001) Inducible expression of Stat4 in dendritic cells and macro-
phages and its critical role in innate and adaptive immune re-
sponses. J Immunol 166(7):4446–4455. doi:10.4049
/jimmunol.166.7.4446

92. Pearce EJ, Reiner SL (1995) Induction of Th2 responses in infec-
tious diseases. Curr Opin Immunol 7(4):497–504

93. Kaplan MH, Sun YL, Hoey T, Grusby MJ (1996) Impaired IL-12
responses and enhanced development of Th2 cells in Stat4-
deficient mice. Nature 382(6587):174–177. doi:10.1038/382174
a0

94. Finkelman FD, Wynn TA, Donaldson DD, Urban JF (1999) The
role of IL-13 in helminth-induced inflammation and protective
immunity against nematode infections. Curr Opin Immunol
11(4):420–426. doi:10.1016/s0952-7915(99)80070-3

95. Babu S, Ganley LM, Klei TR, Shultz LD, Rajan TV (2000) Role
of gamma interferon and interleukin-4 in host defense against the
human filarial parasite Brugia malayi. Infect Immun 68(5):3034–
3035

96. Rodriguez-SosaM, David JR, Bojalil R, Satoskar AR, Terrazas LI
(2002) Cutting edge: susceptibility to the larval stage of the hel-
minth parasite Taenia crassiceps is mediated by Th2 response
induced via STAT6 signaling. J Immunol 168(7):3135–3139

97. Jackson SH, CR Y, Mahdi RM, Ebong S, Egwuagu CE (2004)
Dendritic cell maturation requires STAT1 and is under feedback
regulation by suppressors of cytokine signaling. J Immunol
172(4):2307–2315

98. Lutz MB, Schnare M, Menges M, Rossner S, Rollinghoff M,
Schuler G, Gessner A (2002) Differential functions of IL-4 recep-
tor types I and II for dendritic cell maturation and IL-12 produc-
tion and their dependency on GM-CSF. J Immunol 169(7):3574–
3580

99. Deszo EL, Brake DK, Kelley KW, Freund GG (2004) IL-4-
dependent CD86 expression requires JAK/STAT6 activation and
is negatively regulated by PKCdelta. Cell Signal 16(2):271–280

100. Jin D, Takamoto M, Hu T, Taki S, Sugane K (2009) STAT6 sig-
nalling is important in CD8 T-cell activation and defence against
Toxoplasma gondii infection in the brain. Immunology 127(2):
187–195. doi:10.1111/j.1365-2567.2008.02935.x

Semin Immunopathol

http://dx.doi.org/10.4049/jimmunol.171.10.4984
http://dx.doi.org/10.4049/jimmunol.171.10.4984
http://dx.doi.org/10.1146/annurev.immunol.20.091301.131133
http://dx.doi.org/10.1146/annurev.immunol.20.091301.131133
http://dx.doi.org/10.1111/pim.12119
http://dx.doi.org/10.1002/eji.200636476
http://dx.doi.org/10.1002/eji.200636476
http://dx.doi.org/10.1189/jlb.0807565
http://dx.doi.org/10.1189/jlb.0807565
http://dx.doi.org/10.1111/j.1365-2567.2008.03008.x
http://dx.doi.org/10.1111/j.1365-2567.2008.03008.x
http://dx.doi.org/10.1046/j.1365-2567.2003.01689.x
http://dx.doi.org/10.1186/1471-2172-10-9
http://dx.doi.org/10.1016/j.molimm.2010.04.016
http://dx.doi.org/10.1016/j.molimm.2010.04.016
http://dx.doi.org/10.1146/annurev.iy.13.040195.001055
http://dx.doi.org/10.1146/annurev.iy.13.040195.001055
http://dx.doi.org/10.1016/j.exppara.2015.12.005
http://dx.doi.org/10.1038/ni825
http://dx.doi.org/10.3109/08977194.2012.660936
http://dx.doi.org/10.1371/journal.pone.0060215
http://dx.doi.org/10.1016/j.molimm.2008.04.018
http://dx.doi.org/10.4049/jimmunol.166.7.4446
http://dx.doi.org/10.4049/jimmunol.166.7.4446
http://dx.doi.org/10.1038/382174a0
http://dx.doi.org/10.1038/382174a0
http://dx.doi.org/10.1016/s0952-7915(99)80070-3
http://dx.doi.org/10.1111/j.1365-2567.2008.02935.x


101. Linossi EM, Babon JJ, Hilton DJ, Nicholson SE (2013)
Suppression of cytokine signaling: the SOCS perspective.
Cytokine Growth Factor Rev 24(3):241–248. doi:10.1016/j.
cytogfr.2013.03.005

102. Dalpke AH, Opper S, Zimmermann S, Heeg K (2001)
Suppressors of cytokine signaling (SOCS)-1 and SOCS-3 are
induced by CpG-DNA and modulate cytokine responses in
APCs. J Immunol 166(12):7082–7089. doi:10.4049
/jimmunol.166.12.7082

103. Bartz H, Avalos NM, Baetz A, Heeg K, Dalpke AH (2006)
Involvement of suppressors of cytokine signaling in toll-like re-
ceptor-mediated block of dendritic cell differentiation. Blood
108(13):4102–4108. doi:10.1182/blood-2006-03-008946

104. Bullen DV, Hansen DS, SiomosMA, Schofield L, AlexanderWS,
Handman E (2003) The lack of suppressor of cytokine signalling-
1 (SOCS1) protects mice from the development of cerebral malar-
ia caused by Plasmodium berghei ANKA. Parasite Immunol
25(3):113–118

105. Stutz A, Kessler H, Kaschel ME, Meissner M, Dalpke AH (2012)
Cell invasion and strain dependent induction of suppressor of cy-
tokine signaling-1 by Toxoplasma gondii. Immunobiology
217(1):28–36. doi:10.1016/j.imbio.2011.08.008

106. Whitmarsh Ryan J, Gray CarolynM, Gregg B, Christian David A,
May Michael J, Murray Peter J, Hunter Christopher AA Critical
role for SOCS3 in innate resistance to toxoplasma gondii. Cell
Host Microbe 10(3):224–236. doi:10.1016/j.chom.2011.07.009

107. Vukman KV, Adams PN, O’Neill SM (2013) Fasciola hepatica
tegumental coat antigen suppresses MAPK signalling in dendritic
cells and up-regulates the expression of SOCS3. Parasite Immunol
35(7–8):234–238. doi:10.1111/pim.12033

108. Orabona C, Pallotta MT, Volpi C, Fallarino F, Vacca C, Bianchi R,
Belladonna ML, Fioretti MC, Grohmann U, Puccetti P (2008)
SOCS3 drives proteasomal degradation of indoleamine 2,3-
dioxygenase (IDO) and antagonizes IDO-dependent
tolerogenesis. Proc Natl Acad Sci U S A 105(52):20828–20833.
doi:10.1073/pnas.0810278105

109. Silva NM, Rodrigues CV, Santoro MM, Reis LF, Alvarez-Leite JI,
Gazzinelli RT (2002) Expression of indoleamine 2,3-dioxygenase,
tryptophan degradation, and kynurenine formation during in vivo
infection with Toxoplasma gondii: induction by endogenous gam-
ma interferon and requirement of interferon regulatory factor 1.
Infect Immun 70(2):859–868

110. Hansen AM, Ball HJ, Mitchell AJ, Miu J, Takikawa O, Hunt NH
(2004) Increased expression of indoleamine 2,3-dioxygenase in
murine malaria infection is predominantly localised to the vascular
endothelium. Int J Parasitol 34(12):1309–1319. doi:10.1016/j.
ijpara.2004.07.008

111. Knubel CP, Martinez FF, Fretes RE, Lujan CD, Theumer MG,
Cervi L, Motran CC (2010) Indoleamine 2,3-dioxigenase (IDO)
is critical for host resistance against Trypanosoma cruzi. FASEB
journal: official publication of the Federation of American
Societies for Experimental Biology 24(8):2689–2701.
doi:10.1096/fj.09-150920

112. Reina Ortiz M, Schreiber F, Benitez S, Broncano N, Chico ME,
Vaca M, Alexander N, Lewis DJ, Dougan G, Cooper PJ (2011)
Effects of chronic ascariasis and trichuriasis on cytokine produc-
tion and gene expression in human blood: a cross-sectional study.
PLoS Negl Trop Dis 5(6):e1157. doi:10.1371/journal.
pntd.0001157

113. Makala LH (2012) The role of indoleamine 2, 3 dioxygenase in
regulating host immunity to leishmania infection. J Biomed Sci
19:5. doi:10.1186/1423-0127-19-5

114. Mellor A, Munn D (2004) IDO expression by dendritic cells:
tolerance and tryptophan catabolism. Nat Rev Immunol 4(10):
762–774

115. Pfefferkorn ER (1984) Interferon gamma blocks the growth of
Toxoplasma gondii in human fibroblasts by inducing the host cells
to degrade tryptophan. PNAS 81(3):908–912. doi:10.1073
/pnas.81.3.908

116. Knubel CP, Martinez FF, Acosta Rodriguez EV, Altamirano A,
Rivarola HW, Diaz Luján C, Fretes RE, Cervi L, Motran CC
(2011) 3-Hydroxy kynurenine treatment controls T. cruzi replica-
tion and the inflammatory pathology preventing the clinical symp-
toms of chronic Chagas disease. PLoS One 6(10):e26550

117. Piessevaux J, Lavens D, Montoye T, Wauman J, Catteeuw D,
Vandekerckhove J, Belsham D, Peelman F, Tavernier J (2006)
Functional cross-modulation between SOCS proteins can stimu-
late cytokine signaling. J Biol Chem 281(44):32953–32966.
doi:10.1074/jbc.M600776200

118. Tannahill GM, Elliott J, Barry AC, Hibbert L, Cacalano NA,
Johnston JA (2005) SOCS2 can enhance interleukin-2 (IL-2)
and IL-3 signaling by accelerating SOCS3 degradation. Mol Cell
Biol 25(20):9115–9126. doi:10.1128/mcb.25.20.9115-9126.2005

119. Posselt G, Schwarz H, Duschl A, Horejs-Hoeck J (2011)
Suppressor of cytokine signaling 2 is a feedback inhibitor of
TLR-induced activation in human monocyte-derived dendritic
ce l l s . J Immunol 187(6) :2875–2884 . do i :10 .4049
/jimmunol.1003348

120. Machado FS, Johndrow JE, Esper L, Dias A, Bafica A, Serhan
CN, Aliberti J (2006) Anti-inflammatory actions of lipoxinA4 and
aspirin-triggered lipoxin are SOCS-2 dependent. Nat Med 12(3):
330–334

121. Quintana FJ (2014) LeA(H)Rning self-control. Cell Res 24(10):
1155–1156. doi:10.1038/cr.2014.96

122. McBerry C, Gonzalez RMS, Shryock N, Dias A, Aliberti J (2012)
SOCS2-induced proteasome-dependent TRAF6 degradation: a
common anti-inflammatory pathway for control of innate immune
responses. PLoS One 7(6):e38384. doi:10.1371/journal.
pone.0038384

123. Esper L, Roman-Campos D, Lara A, Brant F, Castro LL, Barroso
A, Araujo RRS, Vieira LQ, Mukherjee S, Gomes ERM, Rocha
NN, Ramos IPR, Lisanti MP, Campos CF, Arantes RME,
Guatimosim S, Weiss LM, Cruz JS, Tanowitz HB, Teixeira MM,
Machado FS Role of SOCS2 in modulating heart damage and
function in a murine model of acute Chagas disease. Am J
Pathol 181(1):130–140. doi:10.1016/j.ajpath.2012.03.042

124. van Panhuys N (2016) TCR signal strength alters T–DC activation
and interaction times and directs the outcome of differentiation.
Front Immunol 7:6. doi:10.3389/fimmu.2016.00006

125. Steinfelder S, Andersen JF, Cannons JL, Feng CG, Joshi M,
Dwyer D, Caspar P, Schwartzberg PL, Sher A, Jankovic D
(2009) The major component in schistosome eggs responsible
for conditioning dendritic cells for Th2 polarization is a T2 ribo-
nuclease (omega-1). J Exp Med 206(8):1681–1690. doi:10.1084
/jem.20082462

126. O’Neill SM, Mills KH, Dalton JP (2001) Fasciola hepatica ca-
thepsin L cysteine proteinase suppresses Bordetella pertussis-
specific interferon-gamma production in vivo. Parasite Immunol
23(10):541–547

127. Knox DP (2007) Proteinase inhibitors and helminth parasite infec-
tion. Parasite Immunol 29(2):57–71. doi:10.1111/j.1365-
3024.2006.00913.x

128. Sun Y, Liu G, Li Z, Chen Y, Liu Y, Liu B, Su Z (2013)Modulation
of dendritic cell function and immune response by cysteine prote-
ase inhibitor from murine nematode parasite Heligmosomoides
polygyrus. Immunology 138(4):370–381. doi:10.1111
/imm.12049

129. de Jong EC, Vieira PL, Kalinski P, Schuitemaker JH, Tanaka Y,
Wierenga EA, Yazdanbakhsh M, Kapsenberg ML (2002)
Microbial compounds selectively induce Th1 cell-promoting or

Semin Immunopathol

http://dx.doi.org/10.1016/j.cytogfr.2013.03.005
http://dx.doi.org/10.1016/j.cytogfr.2013.03.005
http://dx.doi.org/10.4049/jimmunol.166.12.7082
http://dx.doi.org/10.4049/jimmunol.166.12.7082
http://dx.doi.org/10.1182/blood-2006-03-008946
http://dx.doi.org/10.1016/j.imbio.2011.08.008
http://dx.doi.org/10.1016/j.chom.2011.07.009
http://dx.doi.org/10.1111/pim.12033
http://dx.doi.org/10.1073/pnas.0810278105
http://dx.doi.org/10.1016/j.ijpara.2004.07.008
http://dx.doi.org/10.1016/j.ijpara.2004.07.008
http://dx.doi.org/10.1096/fj.09-150920
http://dx.doi.org/10.1371/journal.pntd.0001157
http://dx.doi.org/10.1371/journal.pntd.0001157
http://dx.doi.org/10.1186/1423-0127-19-5
http://dx.doi.org/10.1073/pnas.81.3.908
http://dx.doi.org/10.1073/pnas.81.3.908
http://dx.doi.org/10.1074/jbc.M600776200
http://dx.doi.org/10.1128/mcb.25.20.9115-9126.2005
http://dx.doi.org/10.4049/jimmunol.1003348
http://dx.doi.org/10.4049/jimmunol.1003348
http://dx.doi.org/10.1038/cr.2014.96
http://dx.doi.org/10.1371/journal.pone.0038384
http://dx.doi.org/10.1371/journal.pone.0038384
http://dx.doi.org/10.1016/j.ajpath.2012.03.042
http://dx.doi.org/10.3389/fimmu.2016.00006
http://dx.doi.org/10.1084/jem.20082462
http://dx.doi.org/10.1084/jem.20082462
http://dx.doi.org/10.1111/j.1365-3024.2006.00913.x
http://dx.doi.org/10.1111/j.1365-3024.2006.00913.x
http://dx.doi.org/10.1111/imm.12049
http://dx.doi.org/10.1111/imm.12049


Th2 cell-promoting dendritic cells in vitro with diverse th cell-
polarizing signals. J Immunol 168(4):1704–1709

130. Maizels RM, Hewitson JP, Smith KA (2012) Susceptibility and
immunity to helminth parasites. Curr Opin Immunol 24(4):459–
466. doi:10.1016/j.coi.2012.06.003

131. Ito T,Wang YH, DuramadO, Hori T, Delespesse GJ,Watanabe N,
Qin FX, Yao Z, Cao W, Liu YJ (2005) TSLP-activated dendritic
cells induce an inflammatory T helper type 2 cell response through
OX40 ligand. J Exp Med 202(9):1213–1223. doi:10.1084
/jem.20051135

132. Hussaarts L, YazdanbakhshM, Guigas B (2014) Priming dendritic
cells for Th2 polarization: lessons learned from helminths and
implications for metabolic disorders. Front Immunol 5.
doi:10.3389/fimmu.2014.00499

133. Humphreys NE, Xu D, Hepworth MR, Liew FY, Grencis RK
(2008) IL-33, a potent inducer of adaptive immunity to intestinal
nematodes. J Immunol 180(4):2443–2449

134. Gibson GG, Broughton E, Choquette LP (1972) Waterfowl mor-
tality caused by Cyathocotyle bushiensis Khan, 1962 (Trematoda:
Cyathocotylidae), St. Lawrence River, Quebec. Can J Zool 50(11):
1351–1356

135. Medzhitov R, Schneider D, Soares M (2012) Disease tolerance as
a defense strategy. Science (New York, NY) 335(6071):936–941.
doi:10.1126/science.1214935

136. Fleming JO, Weinstock JV (2015) Clinical trials of helminth ther-
apy in autoimmune diseases: rationale and findings. Parasite
Immunol 37(6):277–292. doi:10.1111/pim.12175

137. Hernandez J-LR, Leung G, McKay DM (2013) Cestode regula-
tion of inflammation and inflammatory diseases. Int J Parasitol
43(3–4):233–243. doi:10.1016/j.ijpara.2012.09.005

Semin Immunopathol

http://dx.doi.org/10.1016/j.coi.2012.06.003
http://dx.doi.org/10.1084/jem.20051135
http://dx.doi.org/10.1084/jem.20051135
http://dx.doi.org/10.3389/fimmu.2014.00499
http://dx.doi.org/10.1126/science.1214935
http://dx.doi.org/10.1111/pim.12175
http://dx.doi.org/10.1016/j.ijpara.2012.09.005

	Dendritic cells and parasites: from recognition �and activation to immune response instruction
	Abstract
	Introduction
	Parasite recognition by DC
	Recognition of parasite PAMPs by TLR
	Non-TLR DC receptors involved in the recognition of parasites

	Signaling pathways involved in the modulation of DC by parasites
	Inhibition of TLR-induced DC maturation
	Regulation of MAPK- and PI3K-mediated pathways
	Modulation of JAK-STAT mediated signaling
	Induction of SOCS
	Other DC signaling pathways involved in the induction of Th2 response by helminth parasites

	Overview and clinical implications
	References


